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IAEA-CN-41(F-6)

THE STATUS OF LASER FUSION RESEARCH
AT LOS ALAMOS NATIONAL LABORATORY

Abstract

The basic concept of achieving efficient thermonuclear
fusion has been proven conclusively in nuclear weapons. The
fundamental issue for inertial confinement fusion (ICF) is,
how small can the fuel mass be?

The ICF program has two long-term goals. The first is to
provide a laboratory capability for studying weapon physics.
The attainment of this goal is not represented by any one
event. Rather, benefits to the weapons program are being
accrued continuously with greater understanding and improves
diagnostics of materials under the extreme conaiticns of
density and temperature similar to those achieved in nuclear
explosions. The second goal is to provide a controllable
source of fusion energy. This goal will be much more
difficult LO attain and no+.only requires the achievement of
fusion in the laboratory but also a demonstration of
engineering feasibility.

In the Los Alamos program we are emphasizing the testing
of targets uniquely designed for drive with the carbon dioxide
(C02) laser. The two major facilities for this study are
the eignt-beam Helios system and the Antares laser system.
Some recent results to be discussed demonstrate the dominant
effect of self-generated magnetic fields in controlling energy
transport b,yhot electrons. An understanding of this physics
may permit the design of targets for C02 that are
self-shielding in terms of hot electron preheat.

Another consequence of the magnetic insulation is
efficient energy conversion to ion motion. This occurs over a
much larger surface than originally irrauitated by the laser
with in excess of 50 percent of the absorbed en~rgy converted
to ion motion in son]eexperiments.

1. Introduction
The inertial fusion program at Los Alamos has stressed

the usc of the COZ laser for the goals of providing a
laboratory capability tor studying weapon physics anu
ultimately providing a controllable source of fusion erl(’r~],y.
In this endeavor the COZ ltiseris recognized to have nl~uy
desirable attributes as m operational laser system and could
provide the repetition rate needed for energy applications.
It is also recognizd that the lotlgerwavelength radiation of
this laser produces hot electror~s upon interaction with the
pldsnla that must I)edealt with by iIpprOpridf,t? target (l(?Si(JrlS.
The nmjority of this paper will ciiscuss a portior~ of the
current knowledge and pl~ns for COZ ldscr targets.



2. Background
When considering the prospects for success with ICF one

must acknowledge that the basic concept cf achieving efficient
thermonuclear fusion has been proven conclusively in nuclear
weapons. The fundamental issue for inertial fusion is, how
small can the fuel mass be and still permit successful
ignition and burn?

The achievement of efficient thermonuclear burn (TF!B)
requires attaining a constant value for the product of fuel
density, ~, and fuel ‘~olumeradius, R. It then follows that
to keep PR = constant as the fuel mass, M, is decreased, the
compressed density must increase as

(1)

From this simple relationship some of the problems of
scaling to small fuel masses are observed. The smaller the
driver energy, the smaller the fuel mass tt~atcan be heated to
ignition cor:ditions; and the smaller the fuel mass, the better
the target must be fabricated and illuminated to achieve
implosion symmetry adequate to produce the required O.

The relationship between p and M from Eq. (1) is
reproduced graphically in Fig. 1 for a OR = 1 gm/cm2. Also
displayed in Fig. 1 are representative results for compression
with 1 ~rnand 10 ~m lasers. If tt~eseresults represent the
best possible compressions, then one observes very large
increases in driver energy are required. This is not the
p~>eferred path for JCF.

Insteaa, one observes that the econamic and program
leverage is contained in the target physics. Present
performance is far from optimum in approaching theoretical
limits on compression. The major thrust of the program during
the next several years will be in achieving greate)’
compression and less preheat to move on a performance
trajectory as indicated in Fig. 1. The target physics Issues
that are of greatest importance are: fusion ignition
criteria, energy transport, implosiorl stability and materials
properties.

3. The C02 Program
In tP,e Los Alarnos program the present facility for

investigating ~.arg:tphysics is the eight-beaw Helios COZ
laser. lhe operation of’this laser has become very routine
with an average of OVCY 5 taryet shots pci day in the b to
6 kJ energy range. lhis large rate uf data production hat
allowed the e~tablishmcnt of’good statistical averages for
inany paramrtefs of itltercsttu target design. Three inlport.,mt
results tor target de:igrl that have been il]vestigated during
the lost ycdr are: the depetlucnce ot’abs{)rption on laser
irlt(?rlsity,thr controlling mechanisms for electron energy
t,rallsport,and thr energy convcrsiun processc~ in COZ l~scr
irrodiatud targets. Ldch of tht?scresults will be discussed
irlturn.



Previous studies of laser-target interactions for laser
radiatiov ~f 1 ~m and shorter have shown a general

i?!
rease in

the absorption as the laser intensity is increii~ed. For
10 ~m radiation the absorption is always fuund to be in the
range of 25 to 30 per
values up to about 10

~~n~,;~~ependent of laser intensity for
Recent tudiese,with Helios

fhave extended the intensity r~nge to 10 6 W/cmC and a
dramatic increase in absorption is observed. Some of this
data is shown in Fig. 2 (solid line; along with co irming
calculations from the plasma simulation code WAVE.7$) The

~Ol; W/cm?
ca ulati ns predict absorption of 60 percent a.t2 x

●

The precise nature of the plasma dynamics that 7ead to
the higher absorption is not fully understood. However, two
general observations are pertinant. The absorption increases
as the el ctrons become relativistic.

5
That is, when

kThot/mOc - 1 where mo is the electron rest mass and
Thot the s~perthermal electron temperature in the plasma.
For plasmas irradi~ted by C02 la e s at 1016 W/cm2

NThot is in the range of 200 keV. 3 Secondly, when the
electron motion becomes relativisit{c the critical surface, as
observed in the plasma simulation codes, becomes highly
structured or,a fine spatial scale. This spatial structure
produces a much larger surface area for absorption of the
radiation. Since the onset ?f increased absorption js
believed to be determined by the

5
arameter kThot/mOcz,

and kThct is known to scale as 1A , one ‘wouldexpect the
absorption to increase for other lasers when the product of
t,h ‘r wav lenth nd intensity is of the order IA2 =
~~f~ ~_Bm~/c#,(~) Some recent results with 1 ~m
lasers seem to confirm the general nature of thi
absorption-rise onset Dut.at a 1 wer va”lueof 1A

?
? than

expected from the C02 results. (s
The energetic benefits of the increased absorption just

described are only realized at the expense of creating target
design problems because of the hot electrons generated ?t high
intensities. It is in regard to this problem that the new
understanding of hot electron transport ph~’sits {s to
impo)tant. Recent experiments and full,y self-consistent
calculations hiive shown tl)ed~minant effect that self-
generated magnetic fields play in electron transport.(6*7)

The crcatiorl of self-generated magnetic fiel s in the
?)corona of laser irradiated targets i$ WPII knowrl. ~ Rect!nl.

calculations corlfirrnthat, for high intensity C02 laser
irradiation, t.nemagnetic fields are of sufficient stref~gtll
(=1 MG) to severely inhibit axi~l transport of the hot
electrons and prol

N!
e rapid lateral tra;lspu~t away from the

laser focal sput. This model correlates a wide variety
of previous trar]sport experiments where rlorr-diftusivcbe!laviur
of the electrorls was observed.

An intuitive understarlding of’thtiprocess is dt!velopc(lby
vicwirlg ttlecororlal physics a’;describ(~d it]f-ig. 3. An
initidlly-rapid escape of hot.elcctrorls trom tllclirst’rlocal



spot creates an electric field as indicated. This electric
field has ~ large gradient at the edge of the laser focal spot
support by the electron temperature gradient. A simple line
integral of &E*dl around a closed path at the edge of the
laser spot!is then seen to have a non-zero viiluewhich gives
‘se to a finite value for dB/dt from Faraday’s Law. The
‘ong magnetic field generation is thu~ expected at the edge

ol he laser s~ot and is c)roDortional tov x E -
(~n/ 7)(3T/2r)
temper turc, z
coordi~ ate pari

driven targets
strong profile
[hot*

For high
enough to trap

‘where n is’the plasma density, T the electron
the coordinate normal to the target, and r the
llel to the target plane. For C02 laser
these gradients may be very large due to the
modification in n and the large values of

ntensity irradiation the B field becomes large
high energy electrons in the corona and prevent

them from returning to the target. The electrons then move
laterally away frolc the focal spot in an E x B driven drift.
The velocity of this drift is estimated to be

(.)

c&--
‘d = ~ ‘e

(2)

where ve i< the h~t electron thermal speed, ~Pe the
electron plasma frequency, and Ln the density gradient scale
length normal tc the target.(g)

While the energetic electrons that escape the target are
trapped in the cworla by the electric and magnetic fields the
low energy electro~s are confined to Iccal deposition ,learthe
laser focal spot. Thus, one observes an axial transport that
is representative of colder than average electrons, or the
appearance of inhibited axial transport, coupled with rapid
lateral transport of electron energy. The magnetic insulati~n
is maintained until interrupted by interference with fields
from neighboring focal spots or trirglng fields at the edge of
tal’get~a

The experiments reported in Ref. (6) have pursued the
effects of beam irradiation guometry on electron deposit io!lin
a variety 01”plaoar, cylindrical or spherical targets. In dll
c~ses the results were qualitatively consistent with the
predictions of the maqnet.ic field mudel. A typical result. is
shown in Fig. 4 tor cylindrical targets. ‘lhepicture i!,
obtained trom Km x-ray [:mission trom a Ni layer in til(’
target tt:a~serves ds d monitor of lIotclt’ct.rofldeposition.
lhe t;~rgetwds a cylinder 500 L,m in dianwt.er and irrddiat,:’dI),y
four beatnsof Holios evenly spaced uporI the surf,]cc, ttrc~ng
electron deposition 45 obserkcd at the !ascr tocill spot.arl(lnt
the locus ot points t.’quidistanttrom thr las(’r’to(,dlspnt.s
where dettruct.ivr inccrterc’nceof tlicnlagnt’tictields earl
occur, Ucposit.ior} is also observwi of]thr [y] ind(:rp(iqt’bdu~’
t.otriflging tiold etit’cts. (M sp(’ci(llsi!]nif’icar)ccfor
prrvent,ir}gcl(’~.trorlprt’hc~tof fu~if)n t.iirg(’t:> is t.h(’1(](.kot
elvutrof’ (([’~){}:.itionover a relatlv(Ily Iat$qt’drvd dtl,j{l(~’llttcl
tt~(’I(ist’rfoc(~ls;)(~tsafl~]tt~(’dhilit..yt.();:urlt.rolt.tli~attIli



through target irradiation gecmetry. The rnagrietic insulation

is effective over an area many times larger than the focal
spot area.

Because of the charge separation maintained by the
magne:ic insulation, the area adjacent to the laser focal spot
becomes an efficient ion diode. previous studies nave
indicated conversion of incid ~r C02 laser energy irltofast
ion blow-off from the target.?) Recent ~ dies have
extended this study to higher intensities. H These results
on conversion efficiency are shown in Fig. 2 (dashed line).
It is observed that over 65 percent of the absorbed laser
energy is co,lverted to fest ion energy. Moreover, since the
absorption] at high Intensities is as high as 60 percent it has
beep possible to convert up to 40 percent of the incident
laser energy into the single mode of ion kinetic energy.
Previous st.ut.Iieshave shown for proton that this ion

t)distribution is centered around 1 MeV. 10

4. Futurr Directioris
Thus the cl,rrent thinking on C02 laser targets is co

capitalize on all of the above observations by creating Ions
to drive a t~rget while isolating the hot electrons by
magnetic and electrostatic fields. In this design the laser
beams are tightly focused onto an ion cofiverter. The tight
focus leaclsto efficient absorption and ion generation as
described above. The unwanted hot electrons are confined to
the sheath tt~ickness (-10 ~m) of the converter surface by the
self-generated magnetic fields. These hot electrons will
generally move laterally along the converter surface and
deposit at weak field points alonq the converter edge or on
the side away from the ldser. This effectively mitigates the
~~reheat problem in the fuel region. The energy is then
efficiently transmitted to the fuel capsule by the ion beam
thdt. is originally leaving at the surface nurmal of t.l]e
converter.

hl~~cerltcxperiliwnts orlthe locusat~ility ~.)ft’le ions
twlitt.cdfl’om su~h surtaces halve show~lerlcourdgi!:~lr(’suits irl,)
geolll[’tryds showtl illFig. 6. It is foun~l thdt.dp~)oximdtely
7[)p[~rccrltof the ion ~nvryy is cent.(lir~dIrla 1!) curl(’
arlylc. Irlf’dct,using ttlemeasured (I)rlv[’rsiorl(’ffici[’ricyfrol:l
l~s~r r;ldiatiorlto iorls,thr known pulse Icflqth,iitldtill)
mcClsuruu divuryencu ot tll~’iuf]t]~’(imorlt:C(ltlcdlcul[lt.t’d
briqht,ncss ot dbout bu lW/cm~’/:)ri]chit;v(?{iill}{(’1ios



Taken in concert, the new discoveries described here have
opened a variety of new options for designers to follow in the
creation of targets suited to the carbon dioxide laser.
During the coming year we are anxious to try these concepts at
the higher energy levels available from Antares and assess
their potential for future applications satisfying the goals
ofthe ICF program.
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Fig. 1 Maintaining a constant pr~auct of fuel density and
radius as the target mass decreas~s dictates that
the compressiorl increase.

Fig. 2 The absorption of 10.6 urnlight is observed to
increase in experiments (solid line) and
calculations (squares) as the laser intensity is
increased. It is also observed that most of the
energy goes into fast ions (dashed line).

Fig. 3 Schematic representation of the interaction of the
electrons with the self-generated electric and
magnetic fields. These fields act as an energy
selector of electrons striking the target and
dominate all aspects of the transport at high laser
intensities.

Fig. 4 X-ray photograph of cylindrical targets illuminated
uy four beams of the Helios laser. The targets were
25-un] thick Ni tubes. The x-rays show the location
of the electron deposition. The ~pper image is
filtered with iron foil which passes 5 to 7 keV
x rays. The second image is filtered into beryllium
foil passing all x rays above 1 keV. The bottom
image is filtered by Ni foil passing x rays from
6 to 8 keV. The interesting feature is the lack of
deposition ~djacent to the laser spot but inten!,e
depnsitiun along a line eqllidistant to the focal
position.

Fig. 5 Schematic of the experimental arrangement. used tc
measure the brightness of the ion diode created b,y
high itltensity laser illumination.
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It is also observed that inc)st of the energy goes into
fast ions (dasliedline).
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Fig. 4. X-ray photograph of cylindrical targets Illuminated
by four benms of the Hellos laser. The targetq were 25-pm
thick Ni tubes. Tllcx ray~ show the lc)catlon of the elec-

tron depositlnn. The upper imnge is filtered with iron

[oil which pnfisc~ 5 to 7 keV x ray~. The Hecond imugc is

flltcred into beryllium fwll pnsslll~ nll x rays ~~bov~ I k~’v.
The bottom image IR filtered by N1 foil p:lssing x rays from
6 ~0 H kt’v. TIIc interesting feflturc IS tllrI.nckof drP~sf-
tlon ncl~arent to tllclaser spot hut intc’llsrdeposlfhm

along u llne equidistant to tlIL* focal puslllollm
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aeasare the brightness of che ion dicde created by high
ic:ensity laser ill’uminazion.


